Under sustained, elevated building moisture conditions, bacterial and fungal growth occurs. The goal of this study was to characterize microbial growth in floor dust at variable equilibrium relative humidity (ERH) levels. Floor dust from one home was embedded in coupons cut from a worn medium-pile nylon carpet and incubated at 50%, 80%, 85%, 90%, 95%, and 100% ERH levels. Quantitative PCR and DNA sequencing of ribosomal DNA for bacteria and fungi were used to quantify growth and community shifts. Over a 1-wk period, fungal growth occurred above 80% ERH. Growth rates at 85% and 100% ERH were 1.1 × 10 4 and 1.5 × 10 5 spore equivalents d ). Growth resulted in significant changes in fungal (P<.00001) and bacterial community structure (P<.00001) at varying ERH levels. Comparisons between fungal taxa incubated at different ERH levels revealed more than 100 fungal and bacterial species that were attributable to elevated ERH. Resuspension modeling indicated that more than 50% of airborne microbes could originate from the resuspension of fungi grown at ERH levels of 85% and above.
The goal of this study was to characterize microbial growth in floor dust at variable ERH levels. Floor dust was embedded on coupons of worn, medium-pile carpet collected from the same home, and these coupons were then incubated at ERH levels ranging from 50% to 100%. To describe how bacterial and fungal communities change with ERH, microbes were tracked through quantitative PCR and DNA sequencing of 16SrDNA genes from bacteria and internal transcribed spacer (ITS) DNA from fungi. This work extends the study of microbial growth on building materials by the inclusion of floor dust, consideration of bacteria and fungi, and utilization of DNA-based approaches to characterize microbial communities.
| METHODS

| Carpet
Medium-pile, nylon carpet was collected in September 2014. This car- Nutrient analysis of the dust is described below.
| RH chamber experiments
Carpet samples impregnated with sieved dust were exposed to different levels of relative humidity to examine growth and microbial community development. Independent experiments were conducted in triplicate at 50%, 80%, 85%, 90%, 95%, and 100% relative humidity for 1 wk. At 85% and 100% relative humidity levels, experiments were extended to 6 wks. The experiments at 100% relative humidity were terminated at 3 wks due to visible fungal growth on the carpet samples. The experiment at 100% relative humidity for 1 wk was repeated (for a total of six replicates) due to high variability in the measured bacterial and fungal concentrations.
In each experiment, carpets sections were inoculated with 0.5 g of mixed, sieved dust from the home vacuum cleaner bag. Dust was embedded following ASTM method F608-13 modified by using a smaller 12-cm-long, 860-g steel pipe, while avoiding the outer 1 cm edge of the coupon. Samples were placed into autoclaved glass chambers in a 25°C incubator that consisted of 3.8-L glass jars covered with parafilm.
In each chamber, the carpet coupon was placed next to a glass beaker containing 100 mL of salt solution. The water activity of the salt solution was adjusted using sodium chloride above a water activity of 0.76 and a combination of sodium chloride and magnesium chloride below 0.76. [15] [16] [17] Water activity of the salt solution and carpet dust was verified using an Aqualab Series 3 meter (Decagon Devices, Pullman, WA, USA). Real-time temperature and relative humidity were monitored in one-third of the chambers using HOBO data loggers (Onset Computer Corporation, Bourne, MA, USA). Water absorption was confirmed in all chambers based on final weight gain of the carpet coupon.
After the growth cycle, dust was collected from carpet samples using a 19 mm × 90 mm cellulose Whatman thimble inserted into a Eureka Mighty Mite with an adapter. Dust was stored at −20°C prior to DNA sequence analysis.
| Nutrient measurements
To measure soluble nutrients in the floor dust, 30 mg of dust was mixed with 20 mL deionized water and shaken for 30 minutes then filtered through a 0.45-μm syringe filter. 18 Differences between groups were assessed using the ANOSIM method in QIIME with 100 000 permutations.
| Modeling resuspension
To determine whether increased dust microbial concentrations due to growth could impact airborne exposure to moisture-associated bacteria and fungi, resuspension was modeled using a steady-state material balance approach that equates outdoor air and indoor emission (resuspension) sources to ventilation and deposition losses and solves for the indoor air concentrations (Equation 1).
Here, C out is the time-averaged outdoor air concentration of bac-
), or fungal spore equivalents (SE·m 
| Statistics
Statistical analyses were conducted in SAS, version 9.2 (SAS Institute
Inc., Cary, NC, USA). Statistical methods were applied to evaluate differences in microbial growth, richness, evenness, DOC concentration, and microbial taxa based on variable relative humidity exposures.
For species/OTU comparisons, relative abundances from sequencing were multiplied by total concentration of bacterial genomes or fungal SE to yield concentrations. 39 All values for heat maps and tables were transformed using the inverse hyperbolic sine transformation to create a normalized distribution and linear data. This transformation is beneficial for use with sequencing data because it has a similar effect to logarithmic transformation but allows for values <1 and 0.
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Reported mean values were based on "geometric mean" but used the inverse hyperbolic sine transformation in place of logarithmic to allow for these zero values. Simple linear regression with the GLM procedure was used to evaluate changes in fungal concentration, bacterial concentration, human cell concentration, fungal richness, bacterial richness, fungal evenness, and bacterial evenness with relative humidity.
DOC concentrations in original dust compared to dust incubated at 100% ERH were compared with the TTEST procedure as a two-sample t-test. Associations between fungal and bacterial taxa were examined using the MULTTEST procedure with pfdr option on the mean among all relative humidity levels. This analysis calculates a q-value, which is a P-value that is adjusted for multiple comparisons using the false discovery rate.
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| Microbial growth
Carpet coupons and dust samples readily absorbed water from the air. The water activity of dust was nearly (within 5%) equilibrated with the relative humidity in the chamber (i.e., a w = RH) within 1 d and fully equilibrated after 1 wk (Fig. 1) .
Based on the multifold increase in spore or cell concentration between t=0 and t=1 wk, both fungal and bacterial communities exhibited growth under elevated relative humidity conditions (Fig. 2) . =.29, P=.07, respectively). Fungal growth rates were more than 13 times higher at 100% relative humidity compared to 85% relative humidity (Table S1 ). For bacteria, growth was observed after 1 wk only at 100% ERH (2.7 times increase vs original levels, (Table S1 ).
Measurement of potential nutrients suggests that the major limitation to growth was available water in this home. For organic carbon, nitrate, phosphate, and sulfate, the dissolvable amount in the dust was estimated to be at least four times greater than the stoichiometric requirements to support microbial growth at 100% ERH for 1 wk (Table S2 ). Based on an elemental analysis of the dust, additional micronutrients were also available for growth (Table S3) . Post-incubation at 100% ERH, the total amount of dissolvable organic carbon in the dust decreased (t-test, P=.0004). We also measured the concentration of human cells using qPCR as a potential nutrient source in the dust. This concentration decreased as ERH increased (R 2 =.34, P=.006, Fig. S1 ).
| Microbial communities
After quality trimming, a total of 4 468 564 reads were included in the fungal analysis and 915 769 reads were included in the bacterial analysis. Incubation at different ERH levels was associated with changes in richness and evenness of the microbial communities (Figs 3 and S2, Table S4 ). For fungi, richness based on Chao1 indices and total number of OTUs decreased with increasing ERH levels (R F I G U R E 1 Water activity equilibration of house dust with relative humidity after 1 d and 1 wk. Error bars represent one standard error for three replicates F I G U R E 2 Fungal and bacterial concentrations in house dust after incubation at 50%, 80%, 85%, 90%, 95%, and 100% relative humidity for (a, b) 1 wk or (c, d) 6 wks. "OD" refers to original dust prior to incubation. Error bars represent one standard error of three replicates of different carpet coupons from the single house in this study. Six replicates were used for 100% ERH at 1 wk as noted in the Methods. Growth rates and statistics are reported in Table S1 . ERH, equilibrium relative humidity
In fungal communities, relative humidity was a significant driver of community composition. In PCoA, the first principal coordinate accounted for 84.0% of the variation in the data, and the second principal coordinate demonstrated an arch effect, 42 indicating a single dominant gradient in the first component (Fig. 4) . ERH was strongly associated with fungal community differences among samples incu- Table S5 ). Additionally, incubation time also resulted in statistically significant differences in microbial communities at both 85% and 100% ERH (Table S5 ). Fungal communities stabilized at 2 wks and later at 85% ERH and continued to change out to 3 wks at 100% ERH (Fig. S3) . While increases in fungal concentration did not occur during the 1-wk incubation time at 50% ERH, we observed community differences after 1 wk of exposure to 50% ERH compared to the original dust (Fig. 4) .
Fungal community comparisons were also conducted among dust incubated at the different ERH levels to determine which taxa were associated with growth at specific ERH levels. In total, 132 different fungal species and 134 different fungal genera were observed to be statistically significantly associated with ERH level (Figs 5a, S4, and S5). Tables S6, S7 , S8, and S9 list fungal species, genera, class, and phyla, respectively, with statistically significant differences among ERH levels. Fungal taxa associated with relative humidity at 100%
were numerically dominated by the Ascomycete Aspergillus subversicolor and the Basidiomycetes Wallemia muriae and Wallemia sebi (Table   S6 , Fig. 6 ). Above 80% ERH, growth was dominated by Aspergillus, Penicillium, and Wallemia, while below 80%, the difference in microbial community composition was due to a more diverse variety of microbes.
In bacterial communities, ERH was also associated with community composition. Communities were different from the original dust at 95% and 100% relative humidity, but not at lower levels after 1 wk (Fig. 4 ). There were 36 bacterial OTUs with statistically significant differences in concentration at different relative humidity levels (Figs 5b and 7, Table S10 ). Phyla with the highest concentration at 100% relative humidity included Firmicutes, Actinobacteria, and Gammaproteobacteria. Bacterial communities continued to change out to 3 wks at 100% ERH (Fig. S3 ).
| Resuspension model
Steady-state mass balance modeling using particle resuspension fractions for worn loop-level carpeting reveals the potential for large changes in indoor airborne bacterial and fungal concentrations based on the growth of these microbes in carpet dust. Under conditions including an AER of 1 h −1 and two occupants, our material balance model predicts that at growth due to 100% relative humidity for 1 wk, the resuspension of microbes grown in carpet dust may account for 75% of the fungal and 21% of the bacterial load in the air (Fig. 8) . The contribution of floor dust growth to air increases with decreasing AER and increasing occupancy ( 
| DISCUSSION
This study comprehensively investigated the effects of elevated relative humidity on microbial growth in carpet from one home. Our results demonstrate that ERH is an important variable for defining the rates and community dynamics of microbial growth in floor dust.
These effects are most profound above 80% ERH for fungi and at 100% ERH in bacteria. This study's DNA sequence-based approach allowed for tracking community features such as richness, and the culture-independent identification of taxa that were associated with FIGURE 3 Fungal and bacterial richness (number of observed OTUs) at different equilibrium relative humidity levels after 1 wk. Error bars represent one standard error of three replicates of different carpet coupons from the single house in this study. Six replicates were used for 100% ERH at 1 wk as noted in the Methods. ERH, equilibrium relative humidity; OTU, operational taxonomic unit
Principal coordinate plots (a) for fungi using Morisita Horn distance and (b) for bacteria using unweighted UniFrac distance. ANOSIM values are reported in Table S5 for these comparisons 
| Microbial communities
Culture-based analysis has provided evidence in the past that fungal species, typically in the genera Aspergillus and Penicillium, are associated with excess moisture in buildings. [43] [44] [45] However, culture-based analysis provides a more limited view of fungal diversity, especially Basidiomycota. 46 Here, DNA sequence-based approaches revealed 132 fungal species and 36 bacterial OTUs that were associated with growth on dust at different ERH conditions. At 95% and 100% relative humidity, this included commonly identified species in the genera Aspergillus and Penicillium. Members of the genus Wallemia were also highly enriched in the 100% ERH dust. Wallemia is ubiquitous in buildings due to its ability to grow at <80% ERH, 47 but reports of its growth on building materials at >95% ERH are rare, potentially due to poor growth on general fungal media. Underreporting of Wallemia may also be due to a decrease in relative abundance (which is typically reported, Fig. 6d ) despite the increase in concentration (Fig. 6b) at increasing relative humidity. One recent study also applied DNA-based methods to characterize fungi growing on water-damaged building material and found a large diversity of microbial communities, with Cladosporium, Alternaria, Rhodotorula, and Cryptococcus and Crivellia as the most dominant genera on damp building materials. They noted that the community profile was heavily dependent on the specific location and material, and emphasized the need to sample multiple indoor areas when assessing mold growth. 48 Also, differences in microbial communities were observed at lower (50%) ERH levels where no increase in growth was seen (Fig. 4) . Subtle changes to community composition may occur even if no statistically significant increase in total fungal or bacterial concentration is observed. Cell division has previously been observed down to 0.600-0.650 a w in extremophiles 49, 50 ; thus, these
Heat map indicating the concentration of (a) fungal genera and (b) bacterial OTUs that were statistically significantly different among ERH levels. Only fungi that were most abundant at ≥90% ERH are shown here while the full fungal heat map is shown in Figs S4 and S5. Values reported on the right side of the map indicate the % ERH at which the concentration of each taxa was the highest. Statistical analysis and lists of taxa most associated with a specific ERH level are listed in Tables S6-S10 . ERH, equilibrium relative humidity; OTU, operational taxonomic unit community changes at low ERH may be due to processes other than growth, such as decay.
Molecular methods also allow for insights into richness. Previous studies have demonstrated that reported moisture is associated with an increase in fungal richness in floor dust. 25, [51] [52] [53] This is consistent with the trend observed in the more controlled studies reported here for bacteria, but not for fungi. We note that there are key differences between this and prior building studies. In the prior work, increased richness with moisture damage was measured in dust samples that were sampled away from the water-damaged building materials. Here, sampling occurred directly on the material (dust) that had increased water activity. One plausible explanation is that the local diversity at the site of moisture damage results in a decrease in diversity due to the large influence of growth of a limited number of taxa, which would result in fewer unique OTUs for the same sequencing depth. In buildings that report water damage, samples from dust that are distant from the damage may show an increased fungal richness due to background dust microbial diversity plus the smaller contribution of waterassociated taxa that have been transported to the dust sampling site.
In another recent study that sampled in buildings at the site of visible growth, low diversity of fungi on building materials was reported. 48 In our study, the opposite behavior was observed in bacterial richness, possibly due to the lower growth rate and a broader, more even distribution of taxa that grew at 100% RH compared to fungi. Increased bacterial and fungal diversity has been associated with a protective effect in developing asthma, 25, 54 and thus, more research into bacterial and fungal diversity in homes with water damage is required to understand the mechanism controlling house dust microbial diversity.
| Relative humidity in homes
The EPA recommends that relative humidity levels in homes remain below 60%, and ideally between 30 and 50%, to prevent mold growth. 55 While relative humidity in many homes remains below those levels, exceptions can occur. 56 These conditions may tend to occur in homes without air conditioning when the outdoor air is warm and humid. Additionally, if the carpet in a home is cooler than the surrounding air, for example, by coupling directly to a concrete slab, then the relative humidity at the surface of the carpet may be elevated compared to air in the room. Similar conditions may also occur as a result of water damage or intrusion.
| Implications for human exposure
We used a simple steady-state material balance approach that implemented prior relationships for resuspension factors to demonstrate the potential impacts that growth in carpets may have on aerosol exposure. This understudied exposure is relevant to human health due to the strong association between dampness in buildings and negative respiratory health effects. 57, 58 Under common building occupancy and ventilation scenarios, growth in dust at 85%-100% ERH resulted 25%-95% of the indoor air microbes coming from the floor. Results were lower for bacteria, but still over 10% contribution at 100% RH. Such models are in a nascent stage, and there are several limitations to this approach including uncertainties in resuspension rate coefficients, especially at high RH, 10, 59 and a well-mixed assumption. While exact values may not be predictable due to the above-specified limitations in the model, there is strong evidence that human occupancy increases the microbial and total particle load in indoor air through resuspension. From experiments that have measured the bulk resuspension effect, the impact of occupancy and floor dust loading is strong. Resuspension due to walking has been found to explain 24%-55% concentration by greater than five times and that exposures measured by personal samplers were higher than those by fixed aerosol samplers due to the personal cloud effect.
| Strengths and limitations
Additional limitations of this study include that this was a laboratory chamber study used to model the indoor environment. While applications to real environments are not direct, the in-depth microbial ecology investigation provides new insight into growth on dust at high RH levels. We were unable to account for diurnal and other typical variations in relative humidity within a home. Results are based on carpet and dust samples from one home, and the microbial communities in other homes differ based on factors such as occupancy, season, and geography. This study reports fungal species identifications to the rank of species. While recent improvements to databases and techniques have improved the accuracy of such classifications, there still may be errors in the precise identification of some of the fungal species. 34 Despite potential errors, these findings are still reported as potentially useful information. Additionally, variation in community composition may affect the measured value of total fungi and bacteria when determined by universal primers with qPCR due to amplification bias, and this may also influence species-specific values because these data were also used to determine that concentration. 39 However, we expect that influence to be small in this study due to the consistent dominance of the communities by a small number of taxa (Figs 6b and 7a). Moisture availability was the limiting factor for growth of microbes on floor dust in this study. Water availability is measured by water activity, which is defined as the ratio of the partial vapor pressure of water in a substance to the partial vapor pressure of pure water and is related to the ERH (ex: 0.95 a w = 95% ERH). In a substrate or solution, water activity is dependent on salt concentration and composition. In this dust, sodium chloride was the dominant dissolvable salt (Table S2) , and at sodium chloride saturation, the water activity is 0.753 at 25°C. Salt composition determines moisture transfer from the air dependent on water activity at saturation, 
| CONCLUSIONS
The information in this study was derived from dust and carpet from a single home in the northeastern United States, and we must be cautious generalizing. While we expect to find similar behavior in other homes, different homes contain different microbial communities.
Many factors influence an indoor microbial community, including home characteristics, presence of pets, the occupants of the home, and geography. 
